Abstract-Distribution network reconfiguration provides an effective way to control the tie and sectionalizing switches in the system to give an appropriate connection for certain reasons. In this paper, the emphasis of distribution network reconfiguration is on enhancing the reliability of electric power supply so that customer interruption cost is minimized subject to system operational constraints. A simulated annealing technique in conjunction with reliability worth analysis is used to search for the optimal or near-optimal network configuration. The methodology is tested with a distribution system connected at Bus 2 of the Roy Billinton Test System (RBTS). The simulation result indicates that the appropriate on/off statuses of the switches can reduce the customer interruption cost.
I. INTRODUCTION
The distribution system is an important part that provides the final links between the utility and customers. Most distribution systems in practice have a singlecircuit main feeder and are configured radially. The radial distribution system is widely used because of simple design, generally low cost and supportive protection scheme. This configuration suggests that all components between a load point and the supply point to be operating and therefore poor reliability can be expected as the failure of any single component causes the load points disconnected.
The reliability in the distribution system can be improved by network reconfiguration accomplished by closing normally-open switches and opening normally closed switches [1] . Switches play an important role in reducing the interruption duration in automated distribution network, where the switches can be remotely activated. Two types of switches are normally installed: sectionalizing switch and tie switch. The former is a device that isolates a faulted part from the system so that the healthy part can still be electrically supplied. The latter is a device that recovers load that has been disconnected as much as possible by transferring the loads to other supporting distribution feeders without violating operation and engineering constraints in the event of a system failure [2] .
The decision to be made about the on/off statuses of the switches is referred to as network reconfiguration regarding as vital to increase the reliability the system. Distribution network reconfiguration or feeder reconfiguration is a process that alters the system topology by opening or closing the switches. Apparently, different configurations provide different services to the customers. In addition, some configurations are not allowed because they lead either to a disconnected system or to a non-radial system. The purpose of the network reconfiguration is also for decreasing network loss and balancing system load. Therefore, network reconfiguration can be used to promote economic results, reliability and voltage qualities of distribution systems [3] .
The emphasis in this paper is given to reliability enhancement, where a good network topology can significantly improve load point reliability. However, a good connection is not straightforward to be identified as the large number of on/off switch statuses needs to be determined. Theoretically, a complete enumeration method can be used to find the optimal solution. However, such an exhaustive technique would be practically impossible. Simulating annealing is a powerful searching technique for combinatorial optimization problems and has a variety of applications in power system areas, for example optimal capacitor placement, unit commitment and optimal power flow. Simulated annealing imitates the behavior of a set of atoms in the annealing of metals. The cooling procedure goes gradually from a high temperature to a freezing point, where the energy of the system has acquired the globally minimal value [4] . This paper develops a network reconfiguration algorithm based on simulated annealing to find the most appropriate topology that gives the lowest customer interruption cost. The customer interruption cost is calculated from distribution reliability indices of the load points and customer damage functions. The developed algorithm is tested with a distribution system connected at Bus 2 of the RBTS, which consists of 4 primary feeders and 22 load points.
Proceedings of ECTI-CON 2008
978-1-4244-2101-5/08/$25.00 ©2008 IEEE II. SIMULATED ANNEALING Simulated annealing is physically referred to the process of heating up a solid with a high temperature. The molten solid is then gradually cooled until it is solidified at a low temperature. At each step of the cooling, the temperature is kept constant for a period of time in order to allow the solid to reach thermal equilibrium where the solid could have many configurations.
This physical annealing process is analogous to the determination of near-global or global optimum solutions for optimization problems. The underlying idea is to begin with a current atomic configuration. This configuration is equivalent to the current solution of an optimization problem. The energy of the atoms is analogous to the cost of the objective function and the final ground state is corresponds to the global minimum of the cost function [5, 6] . The analogy between physical system and optimization problem is shown in Table I . On the basis of the above analogy, the main idea of the SA algorithm is to initialize randomly a feasible solution. A new candidate solution is randomly generated in the neighborhood of the current one. The move to the new candidate feasible solution is accepted if it is superior to the current one (i.e., a reduction in the objective function for a minimization problem). However, an inferior candidate solution has a chance of acceptance with a probability given by the Boltzmann distribution:
where, E % = change in objective function value k = Boltzmann's constant T = current temperature A uniformly distributed random number is drawn in the range [0, 1] . The move to the inferior solution is accepted if the random number is less than p ; otherwise the move is discarded. Note that such an acceptance avoids getting trapped on a local optimal solution and therefore expands the search space. The last accepted solution for each temperature forms the initial solution of the next stage. The temperature is lowered and the algorithm proceeds until a stopping criterion is satisfied. A flowchart for simulated annealing algorithm is shown in Fig 1 [7] . 
III. QUANTIFICATION OF RELIABILITY WORTH
Reliability worth is normally quantified in forms of customer interruption costs. Customer interruption costs provide an indirect measure of monetary losses associated with a power failure and are served as input data for cost implications and worth assessments of system planning and operational decisions. The calculation of customer interruption costs requires interruption cost data. Interruption cost data compiled from customer surveys can be used to develop a sector customer damage function (SCDF) that relates customer class with outage duration. Figure 2 shows a SCDF for seven sectors of customers with five discrete outage durations [8] . Using interpolation or extrapolation techniques, the cost of interruption for any other duration is determined by interpolation. The basic distribution system reliability indices are average failure rate M , average outage duration r and annual outage duration U. With these three load point indices and average load at load points, expected energy not supplied (EENS), and expected customer interruption cost (ECOST) for load point p can be calculated [9] . Step 
IV. NETWORK RECONFIGURATION ALGORITHM
The objective function is to minimize the total interruption cost given by (5), subject to the following two constraints: the system is still radially operated and all the load points are still electrically supplied. where NL = number of system load points
The optimal or near optimal solution of (5) can be found by the following simulated annealing algorithm.
Step 1: Read the feeder lengths, statistical operating records and customer damage function of the distribution network. Step 2: Set 0 i and specify sufficiently high temperature, cooling schedule, initial network configuration, minimum temperature and penalty factor.
Step 3: Initialize feasible statuses of switches i x and calculate the associated interruption cost ( ) i E x . Feasible statuses can be found from an existing configuration.
Step 4: Generate new statuses of switches ) i E x is calculated, or else a penalty factor is applied to the objective function.
Step 5: Perform an acceptance test for the new solution in step 4. If
, the new interruption cost is accepted and skip to step 7, otherwise go to step 6.
Step 6: Generate a uniform random number in the range [0, 1] and calculate the probability of acceptance
. If r p , the interruption cost obtained in step 6 is accepted and proceed to step 6; if not, return to step 3.
Step 7: Decrease the temperature in the next iteration by setting
where B is the cooling schedule and 0 1 B .
Step 8: Terminate the calculation process if
where min T is minimum specified temperature; otherwise
and repeat steps 2-7.
V. CASE STUDY
The developed methodology is tested with Bus 2 of the RBTS. The distribution system, shown in Fig. 3 , has 2 tie switches, 22 load points, 22 transformers and 6 circuit breakers. It is assumed that the test system in Fig.  3 is designed with disconnects, fuses, alternative supplies, repair of transformer [10] . A computer program for distribution network reconfiguration was developed on MATLAB and tested on Pentium M processor 740 CPU 1.73 GHz, RAM 1 GB. Customer damage function is shown in Fig. 2 . The maximum temperature is specified at 10,000 Î C with a cooling scheduling of 0.00025. The annealing process will be terminated if the maximum temperature has been reached or a tolerance of 0.0001 is satisfied. A penalty factor of 10 10 is used in this case study. The simulation result is shown in pattern 4) , giving an ECOST of $197,360. Such statuses satisfy the two system constraints and make an annual saving of $2,320. For a practical distribution system with thousands of feeders, the annual saving will be much more significant. Table II also shows some other patterns (patterns 2 and 3) of the network configurations with higher ECOSTs compared with the optimal one. The convergence report of the SA is shown in Fig. 4 with 11.4 seconds in simulation time. It is very interesting to note that if we consider minimizing the system EENS, instead of the system ECOST, the result is shown in Table III . It can be seen that setting the system EENS as the objective function yields different switch statuses because the SCDF cannot be realized in the later case. In other words, 1 MWh for energy not served for one load point does not produce the same effect as the others. In short, as far as monetary matter is of priority, the ECOST minimization is more appropriate. Tempe rature Expected Customer Interruption Cost ($/y) 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 The distribution network configuration based on simulated annealing and reliability worth analysis has been presented. The objective is to minimize the customer interruption cost (largest reliability worth) with the constraints that all load points have to be electrically supplied and radially connected. It can be seen from the results that the customer interruption cost can be reduced if the network is properly configured. Some other benefits obtained from the network configuration could also be taken into account such as loss reduction and load balancing. In such case, a multi-objective optimization problem will result where achieving one objective usually comes at the expense of the others and therefore a priority ranking is generally required.
